Purpose: We examined the sensitivity and specificity of an automated algorithm for detecting referral-warranted diabetic retinopathy (DR) on Optos ultrawidefield (UWF) pseudocolour images. Methods: Patients with diabetes were recruited for UWF imaging. A total of 383 subjects (754 eyes) were enrolled. Nonproliferative DR graded to be moderate or higher on the 5-level International Clinical Diabetic Retinopathy (ICDR) severity scale was considered as grounds for referral. The software automatically detected DR lesions using the previously trained classifiers and classified each image in the test set as referral-warranted or not warranted. Sensitivity, specificity and the area under the receiver operating curve (AUROC) of the algorithm were computed. Results: The automated algorithm achieved a 91.7%/90.3% sensitivity (95% CI 90.1-93.9/80.4-89.4) with a 50.0%/53.6% specificity (95% CI 31.7-72.8/36.5-71.4) for detecting referral-warranted retinopathy at the patient/eye levels, respectively; the AUROC was 0.873/0.851 (95% CI 0.819-0.922/0.804-0.894). Conclusion: Diabetic retinopathy (DR) lesions were detected from Optos pseudocolour UWF images using an automated algorithm. Images were classified as referral-warranted DR with a high degree of sensitivity and moderate specificity. Automated analysis of UWF images could be of value in DR screening programmes and could allow for more complete and accurate disease staging.
Introduction
Diabetic retinopathy (DR) is a frequent microvascular complication of diabetes and a leading cause of blindness worldwide (Early Treatment Diabetic Retinopathy Study Research Group 1991) . However, much of this diabetic blindness can be delayed or even prevented with timely diagnosis and proper treatment (Chew et al. 2003) . For this reason, regular screening and early detection of potentially sight-threatening retinopathy is a key strategy. Unfortunately, the number of patients with diabetes mellitus in the world is expected to increase to an estimated 366 million by the year 2030, creating a great challenge for screening systems (Guariguata et al. 2014) . Traditional DR screening, in which the primary physician refers a diabetic patient to an ophthalmologist for a dilated fundus examination, has limits (Schoenfeld et al. 2001; Oliveira et al. 2011; Soto-Pedre et al. 2015) . In some areas, most patients are not screened, leading to significant preventable vision loss. Telescreening has been successfully implemented in many communities as a potential solution to this problem. In a typical telescreening system, colour fundus images acquired at the point-of-care at the primary care physician's office are transmitted for interpretation by remote expert graders (Heng et al. 2013 ). However, the delay (of up to several days) before the patient receives the examination results and is advised to schedule an ophthalmology appointment creates a potential gap, where patients may be lost from the screening paradigm. Furthermore, manual human assessment is still required, and these resource-intensive systems may not easily scale to manage the growing epidemic of diabetes.
To address this problem, several groups have developed software algorithms that automatically analyse these colour fundus images (Mookiah et al. 2013) , offering the opportunity to identify referral-warranted disease almost immediately after image capture. The rapid response allows the patient and his primary physician to receive the test results and promptly schedule an ophthalmology appointment while the patient is still in the office.
Thus far, telescreening programs and automated algorithms have focused on images with limited fields of view limited to the posterior pole (Schoenfeld et al. 2001 ). However, current technology makes it possible to obtain UWF fundus images in a noncontact fashion. These pseudocolour images (acquired by combining red and green scanning lasers) appear to be adequate for detecting DR lesions. Recent studies have shown that significant retinopathy can be found outside the posterior pole, and in many of these patients, the peripheral findings would suggest a higher level of DR severity than if only the posterior pole were considered (Soliman et al. 2012; Wessel et al. 2012; Silva et al. 2013 Silva et al. , 2015b . Moreover, eyes with predominantly peripheral disease have a 4.7-fold higher risk of progression to proliferative diabetic retinopathy (PDR) at 4 years (Silva et al. 2015a ). In addition, UWF images obtained through the Optos systems have advantages in a screening environment. For example, the better penetration through cataracts in a nonmydriatic setting reduced the number of ungradable images by 71% in one study (Silva et al. 2014 ). Little information is available, however, on the performance of automated algorithms to identify referral-warranted retinopathy from these UWF pseudocolour images. Automated algorithms such as the EYEART software (Eyenuk, Los Angeles, CA, USA) claim to use a very general approach to image processing, having shown good lesion detection in a broad range of imaging types, ranging from smartphone images to traditional fundus camera images (Bhaskaranand et al. 2016; Tufail et al. 2017) .
In this study, we aimed to determine the effectiveness of the EYEART algorithm for detecting referral-warranted DR in Optos UWF pseudocolour images.
Materials and Methods

Image acquisition
Consecutive patients with diabetes presenting for screening at the eye clinics at Narayana Nethralaya (Bangalore, India) were recruited for UWF imaging in this study approved by the University of California -Los Angeles Institutional Review Board. The research conformed to the tenets set forth in the Declaration of Helsinki. A total of 383 subjects were enrolled with images captured on 754 eyes. For 12 subjects, only one eye was imaged, either because a severe anterior segment opacity (e.g. corneal scar) precluded imaging or because the subject declined to have both eyes imaged. Images were captured following mydriasis, using an Optos Daytona UWF system (Optos plc, Dunfermline, UK). At least one nonsteered central image was obtained for each eye. However, in many cases, the photographer repeated the image to see whether lash artefact could be reduced by better positioning or by further instruction to the subject. Thus, a total of 1661 UWF images were obtained. Additional data recorded for each subject included age, gender and type and duration of diabetes mellitus.
Manual grading of DR severity
Images were de-identified and transmitted to the Doheny Image Reading Center (DIRC) for review by masked, certified DR graders using the Optos Vantage review software. Graders were allowed to optimize the image quality to their satisfaction by adjusting image colour, contrast, brightness and gamma correction, as well as magnification.
Image quality was assessed using a modified version of the system described by Rasmussen et al. (2015) . In brief, image quality was rated as 'good' if all retinal details were defined sharply; 'fair' if retinal details were slightly fuzzy but lesions <125 lm diameter could still be graded; 'poor' if clarity was decreased such that retinal lesions <125 lm in diameter might be missed but was still sufficient for assessment of characteristics of larger lesions and recognition of lesions defining severe nonproliferative diabetic retinopathy (NPDR) or PDR; 'very poor (or ungradable)' if details were obscured such that even larger lesions could not be identified or lesions were obscured due to lash artefacts. Ungradable images were excluded from the final analysis. We adopted the convention from published screening protocols that a grade of moderate NPDR or higher (i.e. level 2 or higher) was grounds for referral to an ophthalmologist. The grading was performed by two independent, masked, certified DR graders (K.W. and S.B.V.), using the ICDR scale level. Discrepancies were adjudicated by a third masked senior DIRC grading specialist (M.G.N.) to yield a single final severity grade for each case.
Automated assessment of DR severity
Fifty per cent of the UWF images were transmitted to Eyenuk, Inc, with their grading results (termed the 'training set'), and were used to train the classifiers in the automated EYEART algorithm, which has been validated for standard flash colour images. The remaining 50% of the cases (test set) were transmitted to Eyenuk masked to the reading centre assessment.
The EYEART algorithm was then applied to the test set to automatically detect and quantify various DR lesions (haemorrhages, microaneurysms, lipid exudates, cotton wool spots) to determine the level of DR and to define each image in the test set as being either referral-warranted or not warranted. Some patients had multiple images available for each eye. In such cases, manual grading was performed on the image rated to have the highest quality by the grader. EYEART was provided not only with the best quality image per eye (patient) but with all images of varying quality. EYEART analysed all images for a given eye (patient) and output a single refer-or-do not-refer determination, which was used to evaluate the area under the curve (AUC) and sensitivity/specificity.
Statistical analysis
Only eyes that were rated gradable by the graders (using the criteria described above) were included in computing measures of agreement. Chi-square tests were used to compare frequencies among subgroups of patients. Kappa (j) statistics were used to evaluate the level of agreement between graders using guidelines described by Landis & Koch (1977) : j = 0.00-0.20 was considered slight; j = 0.21-0.40, fair; j = 0.41-0.60, moderate; j = 0.61-0.80, substantial; and j = 0.81-1.00, almost perfect agreement.
The sensitivity, specificity and AUC (with 95% confidence intervals) of the software against the gold standard assessment by the graders were also computed. The analysis compared absence versus presence of referralwarranted DR (ICDR Level 0-1 versus level 2-4). Values were calculated based on the results for each eye (eye level) and on the combined results for both eyes (patient level). While results at the eye level may be more relevant to assess raw algorithm performance, those at the patient level may be more relevant to the clinical scenario. For a patient level determination, the presence of referral-warranted retinopathy in either eye would be grounds for referral. Statistical analysis was performed using STATISTICAL PACKAGE FOR SOCIAL SCIENCE, version 19.0 (SPSS, Inc., Armonk, NY, USA) and GRAPHPAD PRISM 5 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
A total of 383 patients with diabetes mellitus (754 eyes) were recruited for this study. Overall image quality is shown in Table 1 . According to our present DIRC standards, the images from 111 eyes (14.7%) were determined to be ungradable by the human graders and thus were not considered for comparison with the automated assessment. Figure 1 illustrates a typical Optomap image cropped for purposes of the figure and a portion of the standard image analysis output of the EYEART software, including both detected lesions (microaneurysm and haemorrhages) and the level of confidence in their detection.
The distribution of DR severity scores among the cohort by expert human grading (after adjudication) was no DR = 411, mild NPDR = 6, moderate NPDR = 149, severe NPDR = 38 and PDR = 39. Intergrader agreement between the two readers was high, with a simple j = 0.78 AE 0.02 (95% CI, 0.73-0.82) and weighted j = 0.88 AE 0.02 (95% CI, 0.82-0.89). This level of agreement is similar to those reported in previous studies (Gangaputra et al. 2011; Silva et al. 2013) . Agreement within one step was observed in 96.2% of cases (Table 2) .
The most common discrepancy between graders before adjudication was in distinguishing level 1 and level 2 on the ICDR scale (i.e. mild versus moderate NPDR), noted in 18 eyes (2.8%). For cases where there was a greater level of discrepancy between graders, the most common cause was the presence of another retinal vascular disease -in particular retinal vein occlusion in four eyes (0.6%). Other sources of discrepancy included pigmentary alterations and haemorrhage associated with age-related macular. Tables 3 and 4 illustrate the performance of the automated grading system against the human grader gold standard. For the test set in our cohort, the prevalence of referral-warranted retinopathy, as judged by the human expert grader, was 40% (72 of 180 patients) at the patient level and 32.1% (103 of 321 eyes) at the eye level. Among these, nine eyes (2.8%) from six patients were considered urgent referrals according to the ICDR severity scale, based on signs of active neovascularization, including active new vessels or preretinal or vitreous haemorrhage.
The software automatically detected several specific DR lesions (microaneurysms, haemorrhages, lipid exudates, cotton wool spots) on the UWF pseudocolour image. The detection of two specific lesions is shown in Fig. 1 . For detection of referral-warranted retinopathy on the patient/eye level, respectively, the automated algorithm achieved a 91.7%/90.3% sensitivity (95% CI 90.1-93.9/80.4-89.4), but with only a 50.0%/53.6% specificity (95% CI 31.7-72.8/36.5-71.4); the area under receiver operating curve of the algorithm was 0.873/0.851 (95% CI 0.819-0.922/0.804-0.894). The probability that a labelled positive was a true case (i.e. positive predictive value) was 55.0%/51.8% (95% CI 45.7-64.1/44.6-58.9), and the probability that a labelled negative was a true noncase (i.e. negative predictive value) was 90.0%/91.0% (95% CI 79.5-96.2/ 84.4-95.4).
Discussion
We observed that the EYEART algorithm (CE marked, but not yet FDA (Gulshan et al. 2016) , in that useful features are predefined. A deep learning approach can potentially improve screening performance but does require a very large training set to be trained effectively. In contrast, EYEART utilizes custom morphology based multiscale descriptors for lesion analysis. As a result, a reasonable level of performance of performance may be achievable even with a small training image set when using the EYEART algorithm. This algorithm has previously been shown to be effective in both standard flash fundus cameraand smartphone camera-based fundus images (Bhaskaranand et al. 2016; Tufail et al. 2017) . Table 5 compares the results of UWF pseudocolour images with previous published reports using the EYEART software. A similar level of sensitivity (albeit with only moderate specificity) was observed in our present study, despite the fact that the EYEART algorithm has not yet been fully optimized for UWF pseudocolour images. This may be partly due to the exclusion of ungradable images before the algorithm calculation in our study. The results from this initial pilot study are also comparable to previous studies with standard colour photographs, which have reported sensitivities ranging from 80.21% to 98.9% and specificities ranging from 46.3% to 99.1% (Mookiah et al. 2013) . A sensitivity of 80% is generally deemed the minimum accepted level for a screening system, as missing many cases of referralwarranted retinopathy could pose significant risks to subjects. It should be noted, however, that referral-warranted (where the threshold is at moderate NPDR) is not the same as treatment-required (Early Treatment Diabetic Retinopathy Study Research Group 1991; Wilkinson et al. 2003) , and most patients missed by screening programs (false negatives) usually fall in the moderate NPDR category. Among the 11 eyes found to be false negatives in our study, seven eyes (63.6%) had moderate NPDR, and only two eyes (18%) had higher grade disease. Although there is no definitive minimum standard for specificity, the specificity ultimately affects the economic value and thus the commercial viability of an automated system. Low specificity, and consequently a higher number of false positives, means that more individuals will be referred to ophthalmologists for potentially unnecessary examination (Soto-Pedre et al. 2015; Silva et al. 2016; Sun et al. 2016) . The specificity at the chosen Table 2 . Cross-tabulation of number of eyes with level of ICDR from intergrading. level of sensitivity in our study was only moderate. However, it is important to note that the automated algorithm has not been optimized for UWF pseudocolour images. At this stage, we simply wanted to determine whether a CE-marked algorithm could even be applied to such UWF images. These images differ substantially from traditional flash white-light images in that they are missing the blue component, and the red and green components are acquired via a scanning laser. In addition, the natural peripheral distortion (even after stereographic projection) present in UWF images could potentially confound automated algorithms utilizing shape/morphologic information for lesion detection (Rasmussen et al. 2015; Ometto et al. 2017) . Furthermore, non-DR-related alterations present in the retinal periphery could also potentially confuse automated DR algorithms, which have been tuned for the posterior pole. Indeed, post hoc review of the discrepant cases after completion of our study revealed that false-positive images commonly featured pigmentary alterations or peripheral drusen. The different coloration of these lesions on UWF pseudocolour images may have fooled the algorithm into believing that lipid or haemorrhages were present. With further tuning for UWF images in particular, one would anticipate that such false positives could be filtered out. Our study has several limitations, which should be considered when assessing our results. First, our cohort size (383 subjects, 754 eyes) is relatively small. However, this was an initial pilot feasibility study to determine whether the EYEART algorithm could be applied effectively to these UWF images. Second, our UWF images were obtained under mydriatic conditions; generally, in a telescreening setting, one would prefer to obtain the images without dilation. In our study, however, because of the limitations of the clinic workflow, the images were obtained after dilation. Third, we had a higher than expected number of ungradable images (14.7%). This is in contrast to a previous study using UWF pseudocolour images, which demonstrated a substantially lower rate (<3%) of ungradable images (Silva et al. 2014) . In reviewing our images, we believe this is due to the photographers' lack of experience in acquiring images with this system and positioning patients in such a way as to minimize eyelash artefacts. The true level of ungradable images probably warrants re-assessment in a larger prospective study with more experienced photographers. Fourth, our criteria for referral-warranted retinopathy focused on the presence of a moderate level nonproliferative disease or higher and did not specifically consider the presence of centre-involved macular oedema with milder levels of retinopathy. Reliable detection of foveal oedema on monoscopic fundus images is challenging, particularly on UWF pseudocolour images. This aspect can be evaluated in future larger studies with further optimized detection algorithms. Eventually, the commercial availability of UWF devices including optical coherence tomography may make this analysis moot. Finally, our study only included darkly pigmented Asian Indian patients -thus, it is uncertain whether our results will generalize to other populations.
Our study also has important strengths, including the use of expert, certified, reading centre DR graders to provide the reference gold standard assessment. It was reassuring to observe substantial levels of agreement between the two graders, with 96.2% of eyes within one step of agreement. In a post hoc assessment of sources of disagreement between graders, the main cause appeared to be a difficulty in distinguishing dot haemorrhages from microaneurysms, which could lead to a discrepancy in assigning grades of level 1 or 2.
In summary, using an automated software, we observed good sensitivity and moderate specificity for the detection of referral-warranted DR from UWF pseudocolour images in an Asian Indian diabetic eye clinic. Given the apparent prognostic importance of peripheral DR lesions in predicting progression to advanced disease, the use of UWF images to stage and screen DR is likely to expand. With further algorithm optimization and validation in larger prospective studies, automated DR screening using UWF images may evolve into an important tool for preventing blindness from diabetes. 
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